This paper presents a study on the behaviour of welded "T" joints between RHS sections under brace axial loading. A finite element model was developed to investigate the influence of some geometrical variables on the joint's response. The brace load (always in tension) was incremented up to joint failure, while the chord was kept unloaded. In the companion paper (part II) a complementary study including chord axial loading is presented. The force-displacement curves corresponding to the different geometries are analyzed and compared, focusing on the failure loads and elastic stiffness. Different failure criteria are discussed and applied to the present curves and a comparison of the numerical results with the Eurocode 3 provisions is presented and discussed.
INTRODUCTION
The use of hollow sections is quite common in steel structures (Figure 1 ), partly due to their mechanical and aesthetical characteristics. The most common structural hollow sections are rectangular (RHS), square (SHS) or circular (CHS). The precision of design methods for these sections has a major importance considering the economical and safety points of view, and available analytical formulations to predict their behaviour have been included in modern design guides codes such as the EN 1993 -1-8: Eurocode 3 (2005 , hereafter referred as Eurocode 3 or EC3, the ISO 14346 (2013) Figure 2 shows the geometry adopted in this study, known as "T-Joint", where the horizontal element is the chord, to which the vertical element, the brace, is fully welded. In this paper, the brace is submitted to axial tension loading, incremented up to joint failure. 
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It is known that the behaviour of this joint may be influenced by the stress state of the chord, and therefore the axial load in this element (most frequently present in current structures such as trusses) may be of some importance for a proper joint characterization. With this fact in mind, a companion paper, "Resistance and Elastic Stiffness of RHS "T" Joints: Part II -Combined Axial Brace and Chord Loading", deals with the interaction of these forces and its influence over the T-joint behaviour.
STUDIES ON THE BEHAVIOUR OF HOLLOW SECTIONS JOINTS
Three approaches have been adopted in the past to study joints between hollow section members: experimental, numerical, and analytical. Yu (1997) refers the study of Stewarts and Loyds in 1965 where some tests aiming at studying the resistance of such joints were carried out, and the first consistent study was performed by Jubb and Redwood (1966) . However, the big boost in this field occurred only in the eighties of the 20 th century, when a large number of studies were registered. Korol and Mirza (1982) performed a numerical study with shell elements to evaluate the joints resistance; Yu (1997) studied the strength of multiple geometries of connections between rectangular hollow sections; Packer (1993) ; Packer and Henderson (2003) presented significant advances for predicting the plastic load of joints with the aid of yield lines mechanisms.
The geometrical parameters usually used to characterize the joint behaviour are illustrated in Figure 2 , and dictate the response in terms of resistance and stiffness. Zhao and Hancock (1993) ; Zhao (2000) obtained the force-displacement or moment-rotation curves for a wide range of joints and have correlated the variation of those parameters with the joint's main features. They also proposed a deformation limit as a way to estimate the ultimate load of the joints, as discussed in section 5; Lu et al. (1993 Lu et al. ( , 1994 carried out numerical and experimental studies on RHS joints with welded steel plates and concluded that the joint resistance increases as β increases and as µ or γ decrease. Similar conclusions were published by Cao et al. (1998a; 1998b) ; Kosteski and Packer (2000; ; ; Packer (1993) ; Packer and Henderson (2003) ; Wardenier et al. (2010) that deal with the manufacturing, design and assembly of tubular elements, joints and structures. Lie et al. (2006a; 2006b) performed experimental and numerical studies on this joint geometry with similar conclusions. Costa-Neves (2004); Costa-Neves et al. (2004) studied experimentally the behaviour of joints between I-beams and RHS columns connected by endplates and welded bolts, and evaluated the accuracy of existing methods for predicting their resistance. They also proposed a model to evaluate the joints stiffness accounting for the column loaded face contribution.
In the T-joint geometry in Figure 2 the brace or beam transmits axial loading to the chord or column loaded face that is mobilized in bending and shear and is very frequently the critical component for the joint deformability and resistance, as accepted by most authors, e.g., Packer and Henderson (2003) ; Cao et al. (1998a) ; ; Costa-Neves (2004) . This is also reflected in design codes/standards, e.g. EC3 (2005) ; ISO (2013) , and justifies a special attention to this component.
The typical force-displacement curve (or moment-rotation curve) of the chord face is illustrated in Figure 3 , as observed by many authors, namely Costa-Neves (2004); Lima et al. (2007; 2008) ; Matos (2008) , and may be characterized by three different domains and by three major features: the ; a second domain revealing a drop in stiffness as yielding begins and formation of a bending mechanism with a corresponding force pl F when yielding is generalized; and the third domain reflecting the component behaviour after complete yielding and presenting a positive slope characterized by the membrane stiffness , j m S . This membrane stiffness is revealed for slender RHS faces (i.e. for a large values of the µ0 parameter -see Figure 2 ), as stated by Costa-Neves (2004) . 
Resistance of the RHS loaded face
As a consequence of the behaviour shown in Figure 3 , it may be quite hard to identify in a forcedisplacement curve or in a moment-rotation curve (obtained experimentally or numerically) the failure load pl F or the failure moment pl M . In fact, the membrane effect masks the onset of the yielding mechanism, except for thick faces where membrane action is negligible, as stated by Costa-Neves (2004) . The awareness of this fact made some authors to develop alternative criteria to the plastic analysis or to the identification of a knee in a known force-resistance or moment-rotation curve.
A commonly used method to establish the resistance of the chord loaded face is the definition of a maximum allowable out-of-plane displacement for this component: Korol and Mirza (1982) proposed that the ultimate load or moment should correspond to rotations or displacements of 25 times their elastic limits, and since that generally corresponds to about 1.2 times the chord thickness ( 0 1.2t ), the failure criterion proposed by these authors is 0 1.2t ; proposed a maximum displacement of 1% of the chord face, b0 (see Figure 2) ; Lu et al. (1994) ; Zhao (2000) observed in some curves where the yield point could be more accurately identified that it was usually located between 2.5% and 4% of b0 and proposed a maximum value for the displacement of 3% of the chord face. They also observed that when some curves corresponding to different tests are superposed, they intersect each other at a point of approximately 3% 0 b . This last criterion is the most commonly used in the literature.
As an alternative to the maximum deformation method, defined the conventional yield point of the loaded face as the intersection of two lines adjusted to the elastic and to the membrane zones of the load-displacement curve, proposing a bilinear approach (Figure 4a ) and the log approach (Figure 4b ). Methodologies to derive the plastic load from force-displacement curves .
Plastic analysis remains an election method to derive the chord face resistance, assuming the formation of a yield line mechanism with corresponding plastic values pl F or pl M that are the failure chord face load or moment. This method naturally neglects any membrane action, and finding the most suitable mechanism is essential to derive the most accurate resistance prediction.
Many authors used this approach and proposed different shapes for the yield lines to obtain more accurate solutions for the plastic load in the context of RHS, I or H minor axis joints: Packer and Hendersen (2003) ; Packer et al. (2009); Zhao and Hancock (1993) ; Cao et al. (1998a; 1998b) ; Kosteski and Packer (2000; ; ; Wardenier et al. (2010) proposed mechanisms with straight lines or with 10 straight lines and circular sectors and also optimization strategies to define their position. Some of them accounted for shear and proposed pure punching shear mechanisms. concluded that for values of β greater than 0.7 punching shear influences the resistance and therefore proposed a punching shear line mechanism or combined mechanisms of bending and punching shear. Gomes (1990) proposed an optimization for the yield lines composed by straight lines and log spiral segments, and the advantage of this new approach compared to straight lines mechanisms is highlighted in Figure 5 . Also shown in this figure is the strong growth of the bending capacity as β increases, tending to infinity as β tends to 1. This naturally results in the failure by alternative failure modes, and if the chord face is involved, then failure is associated to shear and/or punching shear. The value of β ≤ 0.85 is proposed in the Eurocode 3 (2005) as the limit for the predominance of chord face failure, and after which the formulas strictly based on bending mechanisms will give unsafe results.
Initial stiffness of the RHS loaded face
A quite limited number of authors studied in the past the initial or elastic stiffness ( , j ini S shown in Figure 3 ) when the loaded face of a tubular section is involved. They have concluded that this feature strongly increases with the increase of the chord face thickness wc t : Korol and Mirza (1982) ; Other authors established empirical equations to predict the initial stiffness of this component based on experimental or numerical results for specific cases: Korol and Mirza (1982) published abacuses to derive the initial stiffness of a particular RHS joint geometry based on the finite differences method; Szlendak (1996) proposed a similar expression for the initial stiffness of RHS faces with directly welded I-beams based on the results of 72 experimental tests; Fujita et al. (2001) proposed numerical expressions to derive non-linear moment-rotation curves including the initial and membrane stiffness as a combination of the joint geometrical parameters and Lima et al. (2007) proposed an expression to predict the initial stiffness of a particular minor axis joint (where the web behaviour is quite similar to the RHS loaded face) based on experimental tests and numerical simulations results.
A prediction of the initial stiffness as a function of the parameters showed in Figure 2 by more general analytical proposals based on physical models adjusted by numerical or experimental results were proposed by Czechowski et al. (1987); Costa-Neves (2004) . Again, a common feature of all these observations and models is the fact that the elastic stiffness increases for larger values of β and for smaller values of µ and γ .
Membrane stiffness of the RHS loaded face
The third domain in Figure 3 reflects the component behaviour after the formation of a complete yielding mechanism and is characterized by the membrane stiffness , j m S . This membrane stiffness leads to an over strength of the RHS face but may vanish in some circumstances, such as compression of the member containing the loaded face, or cyclic loading (Costa-Neves, 2004 ). This justifies the
Log spiral mechanism
Simplified formula fact that the membrane over strength should not be considered as a strength reserve but as a higher load level that may overstress other components of the joint such as bolts or welds, and should therefore be considered. This effect was observed experimentally and numerically by various authors, such as Gomes (1990) ; Lu et al. (1994) ; Kosteski and Packer (2001) ; Zhao (2000) ; Costa-Neves (2004); Costa-Neves et al. (2004); Lima et al. (2007; 2008) ; Matos (2008) . The major conclusion from these studies is that membrane effect is more relevant for slender RHS faces (for large µ0 parameter) -Costa-Neves (2004).
In the authors knowledge, the only existing analytical models to predict the membrane stiffness (and therefore the over strength of the component chord face) based on the joint geometry and the parameters in Figure 2 were proposed by Thornton (2002) ; Costa-Neves (2004) .
EUROCODE APPROACH
Eurocode 3 (2005) presents a design methodology for joints between hollow sections where only the resistance is accounted for, and that was more recently adopted by the Brazilian code ABNT NBR 16239 (2013) . This methodology imposes the analysis of the relevant failure modes in Figure 6 , and in Table 1 the relevant analytical equations to predict the resistance of the joint geometry in Figure  2 are indicated. 
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use linear interpolation between the value for chord face failure at 0.85 β = and the governing value for chord side wall failure at 1.0 β = (side wall buckling or chord shear).
For tension:
where χ is the reduction factor for flexural buckling obtained from EN 1993-1-1 using the relevant buckling curve and a normalized slenderness λ determined from: 
NUMERICAL STUDY

Finite Element Model
Modelling by finite elements techniques require the development of a model that is at the same time accurate and simple enough not to consume to much computational resources in the context of parametrical studies, such as the case of the present study. A valid model is usually obtained if based in the knowledge resulting from the previous experience as far as type of elements, analysis types and options, mesh densities, among others, are concerned. Additionally, the calibration of the model with experimental results is highly recommended.
In this study a numerical model accounting for material and geometrical nonlinearities using the ANSYS (2005) software was developed. Four nodes shell elements SHELL181 (Ansys, 2005) with six degrees of freedom per node were used, accounting for bending, shear and membrane deformations. The same major options were adopted by Korol and Mirza (1982) ; Lu et al. (1993; 1994) ; Lee (1999) The mesh is depicted in Figure 7 , being quite regular with well-proportioned elements to avoid numerical problems. At stress concentration areas and geometrical singularities a mesh refinement was implemented, as shown in the embedded details. The welds were modelled with shell elements as well (Figure 8) , as proposed by Lee (1999) , and later adopted by Lima et al. (2007; 2008) , and where an adequate accuracy of results was obtained using this procedure. The inclined shell elements have the weld material properties while in their projection the connected members have unchanged properties.
This model (with few changes in the member cross section dimensions and material properties) was firstly adopted by the authors in Lima et al. (2007; 2008) , where it was validated using the experimental results of Lie et al. (2006a) . In the model validation all the details of the experimental test were simulated, including the geometrical and material properties of the elements (Table 2) , and the experimental layout (span, supports, support stiffness). Figure 9 shows the comparison of the experimental (Lie et al., 2006a) and numerical curves. The dotted line in Figure 9 shows the predicted failure load obtained by the analytical method of EC3 (2005) (751 kN 
Geometries
Having in mind that the parameters governing the behaviour of the joint in Figure 2 are related to the dimensions of the loaded area (the brace section dimensions) and to the dimensions of the loaded chord face (parameters β , µ and γ ), a representative range of geometries was established - A cross section of 300x300 mm was adopted for the chord in this T geometry, and the parameter 0 µ was varied adopting different cross section thicknesses. Different brace sections were assumed to vary the parameter β . The brace was loaded in tension up to joint failure in all the 42 simulations (6x7x1) carried out, as indicated in Table 4 , that also shows the variation in β (from 0.40 to 0.98) and in γ (from 9.38 to 25). The designation E stands for the chord thickness, while M stands for the dimension of the brace cross section, with a constant thickness of 12 mm. As an example the designation E10 corresponds to a chord with a cross section thickness of 10 mm (300x300x10) while M180 corresponds to a brace with a cross section dimension of 180 mm (180x180x12 The parameter β is calculated according to Figure 2 but including the fillet weld influence., that has an effective width (considered as 0. , according to Costa-Neves (2004) . This range of the geometrical parameters β , µ and γ was chosen to cover the most significant behaviour features identified in previous studies by Gomes (1990) ; Costa-Neves (2004) . Specifically, small values of µ and γ lead to negligible membrane effect, and large values of β strongly increase the resistance obtained from pure bending mechanisms, and other phenomena need to be accounted for, as previously referred. Furthermore, for β values higher than 0.9, EC3 (2005) predictions are expected to be less accurate (Costa-Neves, 2004; Lima et al., 2008) .
RESULTS
Finite element results
The numerical results for the resistance are shown in Table 5 , resulting from the application of the 3% 0 b deformation criterion referred in section 2.1.2. It is clear that the chord face resistance is strongly influenced by its thickness and strongly increases with the thickness increase (i.e. with the decrease of the parameter γ ). The resistance is also strongly connected to the brace width, and increases with the increase of the parameter β , independently of the chord thickness.
Also indicated in Table 5 are the resistance values obtained from the EC3 (2005) based on plastic analysis, as well as the accompanying failures modes in Figure 6 . Finally, the comparison between both methods is presented, expressed as the ratio of numerical and EC3 results, and the corresponding error as a percentage of the numerical value. More detailed information of the joints behaviour is depicted from the 42 force-displacement curves in Figure 10 , highlighting the importance of the parameter β : for each of the six different chord thicknesses (where the parameters γ and µ are constant), the seven curves corresponding to the different brace dimensions ( β values) are plotted. Also depicted in Figure 10 is the maximum displacement criterion of 3% 0 b referred in section 2.1.2 to establish the chord face ultimate limit state, represented by the continuous vertical lines and their corresponding intersection with the force-displacement curves.
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The shape observed for all curves is the expected shape depicted in Figure 3 , and it is possible to verify the above referred conclusions of the resistance and stiffness increase with the brace width increase. Also, smaller values of β allow larger membrane effect to arise, since shear and punching shear do not govern the behaviour. It is also possible to verify that for values of β larger than 0.8 this punching shear starts to govern, and no significant increase of resistance and even of stiffness may occur, except for small thicknesses (6 or 8 mm).
These trends for the stiffness and resistance as a function of β may as well be observed in Figure  11 and in Figure 12 where each curve represents respectively the stiffness and resistance variation with β for a constant thickness (constant parameter γ ). Highlighting the influence of the thickness over the joint behaviour may be expressed by the forcedisplacement curves in Figure 13 , covering the different values of γ (different thicknesses) and where each group of curves relates to a constant chord width (constant value of β ). As referred, the joint resistance and stiffness increase for increasing chord thicknesses (i.e. with the decrease of γ ). From Figure 13 it can also be concluded that when the thickness decreases the "knee" in the forcedisplacement curve starts to vanish, because membrane behaviour has a larger importance. Also, membrane effect is clearly of lesser significance for larger values of β (clearly larger than 0.8) and smaller values of γ (larger thicknesses), since it is linked to plate bending behaviour and for such values of β and γ punching shear or yielding of the chord lateral faces governs, instead of bending.
In a similar way as for β , these trends for the stiffness and resistance may now be plotted as a function of γ - Figure 14 and in Figure 15 , where each curve shows the stiffness and resistance variation with γ for a constant brace-chord width ratio (constant β ).
Again, a comparison of the analytical results from the EC3 (2005) to their numerical counterparts is plotted in Figure 15 , but at this time highlighting the influence of the chord thickness: numerical resistance points are connected by a dotted line and EC3 resistance points are connected by a continuous line, for sake of clarity. Again, it is clear that for large values of β EC3 overestimates the strength, and this overestimation is much higher for small values of γ ( γ ≤12.5), i.e. for larger thicknesses, where shear is predominant. Focusing on a particular joint stiffness, the joint of a 300x300x10 [mm] chord and a 180x180x12 [mm] brace (simulation E10M180), with parameters β = 0.66 (taking the weld contribution into account) and γ = 15, permits the illustration of the joint degradation up to failure, expressed not only by the load-deformation curves in Figures 10 and 13 , but also by the yielding progress, in Figure 16 , where the von Mises stresses are plotted for three different load levels: the first level (76.13 kN - Figure 16a ) in the elastic range where the comparison stress is well below the yielding stress; the second level (at around 350 kN) corresponding to the point where Figure 10 and Figure 13 show a "knee" in the forcedisplacement curves -the numerical failure load from Table 5 is 352.42 kN), and where Figure 16b shows some yielding; and finally at a load level (662.4 kN) much higher than the plastic and failure load, but possible to attain due to membrane effects and to the spread of yielding to larger areas. As predicted by the Eurocode 3 (2005) the governing failure mode is, for this value of β , the chord face yielding that is also the first zone to suffer yielding, and the analytically predicted value of 385.3 kN (Table 5) is well in line with the numerical value of 352.42 kN
It may be concluded, in agreement with the conclusions of Packer and Cassidy (1995) , that the weld does not present a uniform behaviour in the entire perimeter, having stress concentration at the corners. 
CONCLUSIONS
Recent studies questioning the applicability of the available analytical formulations based on yielding mechanisms to predict the behaviour of welded T-joints between RHS sections for some particular geometries justifies the need for further studies. This is the case for the formulation proposed in the Eurocode 3 (2005) for joints between hollow sections that account for several possible failure modes and is based on the plastic analysis for the chord face failure.
The need of alternative criteria to the plastic analysis or to the identification of a knee in a known force-displacement curve, made some authors (e.g. Lu et al., 1994; Zhao, 2000) , to propose the chord face ultimate limit state as the force corresponding to a maximum displacement criterion of 3% 0 b . In this paper a finite element model using the ANSYS (2005) software was presented, and aims to study the behaviour of welded T-joints between RHS sections submitted to brace axial loading. In the companion paper (part II) a complementary study including chord axial loading and the interaction between both loadings is presented.
The numerical model was used to study the chord face behaviour when different dimensions of the loaded area and thickness of the loaded chord face are adopted, reflected in the variables β and γ . A total of 42 simulations were carried out with a variation in β from 0.40 to 0.98 and a variation in γ from 9.38 to 25.
The force-displacement curves for all the simulations were presented, highlighting the variation of the initial stiffness and the resistance with the relevant variables. The numerical results for the resistance derive from the application of the 3% b0 deformation limit criterion and were compared to the EC3 (2005) results. For values of β ≤ 0.66 both methodologies led to quite similar results, but when the value of β increased EC3 (2005) started to overestimate the resistance, being the values still similar if β ≤ 0.80 but for a thickness not greater than 12 mm. For larger values of the chord thickness (for γ ≤12.5) and for any thickness if β > 0.80, EC3 largely overestimated the numerical resistance. It should however be emphasized that the numerical values correspond to a limiting displacement criterion and not to a failure load involving an upper value in the force-displacement curve.
As a final note, it is remarked that the conclusions above expressed are in line with the numerical and experimental findings of several authors: Korol and Mirza (1982) ; Costa-Neves et al. (2004) ; Packer et al. (2009) . On the other hand, the application of deformation criteria is applicable to the chord face and in strictness should be compared to the EC3 analytical results when chord face failure governs only. However, an attentive look at the force-displacement curves shows that, when this is not the case, the maximum numerical load is not much higher than the load resulting from that criterion, and therefore the conclusions would not be substantially different if another criterion to establish failure was used.
